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ABSTRACT 

We investigate the polarization properties of Comptonized X-rays from relativistic 
jets in Active Galactic Nuclei (AGN) using Monte Garlo simulations. We consider 
three scenarios commonly proposed for the observed X-ray emission in AGN: Comp- 
ton scattering of blackbody photons emitted from an accretion disk; scattering of 
cosmic microwave background (CMB) photons; and self-Comptonization of intrinsi- 
cally polarized synchrotron photons emitted by jet electrons. Our simulations show 
that for Comptonization of disk and CMB photons, the degree of polarization of the 
scattered photons increases with the viewing inclination angle with respect to the 
jet axis. In both cases the maximum linear polarization is ~ 20%. In the case of 
synchrotron self-Comptonization (SSC), we find that the resulting X-ray polarization 
depends strongly on the seed synchrotron photon injection site, with typical fractional 
polarizations P w 10 — 20% when synchrotron emission is localized near the jet base, 
while P « 20 — 70% for the case of uniform emission throughout the jet. These re- 
sults indicate that X-ray polarimetry may be capable of providing unique clues to 
identify the location of particle acceleration sites in relativistic jets. In particular, if 
synchrotron photons are emitted quasi-uniformly throughout a jet, then the observed 
degree of X-ray polarization may be sufficiently different for each of the competing 
X-ray emission mechanisms (synchrotron, SSC or external Comptonization) to deter- 
mine which is the dominant process. However, X-ray polarimetry alone is unlikely to 
be able to distinguish between disk and CMB Comptonization. 
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1 INTRODUCTION 

Current X-ray observations are limited to spectral charac- 
teristics and timing variability over a relatively narrow elec- 
tromagnetic window (~ 0.1 — 50 keV). This often leads to 
ambiguities in the interpretation of the data, where two 
or more different models can explain the same observa- 
tions with equal success. This degeneracy may be resolved 
if polarization measurements are available. X-ray Polariza- 
tion observations may provide more precise diagnostic in- 
formation about the emission p rocesses and the geometries 
of the emission regions (see e.g. Sunvaev fc Tit archuk 1985; 
iLapidus. Svunvaev fc Titarchuk 1985f ). Considerable effort 
is currently underway to develop the X-ray instruments ca- 
pable of mea suring polarization of at least a few percent 
jCosta et al.| [2001. 2008). 

The last dedicated experiment to measure X-ray po- 
larization of astronomical sources beyond t he solar sys- 
tem was conducted over thirty years ago (see iNovick et all 
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1 19721 : IWeisskopf et~aLl 1 19721 . for details). Since that first 
successful measurement, several high-energy missions were 
planned to include X-ray polarimeters (e.g. Einstein Obser- 
vatory, Spectrum-X). However, none of these polarimeters 
were launched. Developing a polarimeter capable of measur- 
ing linear polarization of astronomical sources in the range 
0.1 — 50 keV has many challenges and two different types 
of polarimeters have been proposed: sc attering polarimeters 
and photoelectron polarimeters (see Weisskopf et al.ll2006l . 
for a detailed description). Each type of detector has its own 
limitations, although photoelectric X-ray polarimeters with 
gas detectors have recently reached a mature level of devel- 
opment and variations of this model have been proposed for 
a number of future missions (for e.g. seelCosta ct al. 2001 ; 
Bellazzini et al.ll2007l : ICunii et al.]|200ll : Ijahoda et aLll2007l : 



Arimoto et al.ll2008l ). To date, however, very little theoreti- 
cal work has been done on this subject. Indeed, the discrim- 
inating polarization signatures of the most powerful cosmic 
X-ray sources has not yet been determined. 

We have developed a Monte Carlo algorithm to model 
polarized photon transport resulting from Compton scatter- 
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ing which we have applied to a mag netic cataclysmic vari- 
able ( mCV) accretion column (Mc Namara. Kuncic fc Wul 
l2008al ). We demonstrated that the X-ray polarization levels 
are significantly higher in a shock heated accretion column 
which is strati fied in dens ity and temperature than in a uni- 
form column l)Mattll2004l ;). We also demonstrated that the 
degree of polarization depends on the emission sites in the 
source region. We now extend our study to model X-ray po- 
larization in relativistic jets. Although our focus is on jets in 
AGN, the results obtained here are also applicable to rela- 
tivistic jets in galactic X-ray binaries (e.g.'Fendei"2006') and 
ultra- luminous X-ray sources fe.g. iFrecland ct al., 2006 ). 




Jets in radio-loud active galatic nuclei (AGN) have 
been studied for the last 25 years with radio and o pti- 
cal observations (e.g. iBregmanI Il990l : iTavecchid 120071 '). It 
is only since the launch of the Chandra X-ray observa- 
tory, with sub-arcsecond angular resolution, that jets have 
become an important topic in X-ray astronomy. Chan- 
dra has provided imaging spectroscopy studies of extended 
jets, revealing that jet X-ray emissio n is much more com- 
plex than prev i ously thought (see [Marshall et al.l l2005l : 
ISambruna et all 12004 for X-ray jet surveys). In particu- 
lar, the origin of the X-ray emission is not clear from 
the available data and considerable effort has gone into 
explaining the featureless power-law spectrum seen in all 
these sources. X-ray emission in relativistic jets in AGN 
may arise from a number of different processes. Polariza- 
tion studies in the radio and optical bands, indicate that 
this emission mainly originates from synchrotron radiation 
l|jorstad et al.l [ioOTt ). Thus, synchrotron and synchrotron 
self-Compton (SSC) emission are obvious candidates for the 
X-ray continuum emission (|Maraschi. Ghisellini fc Celottil 
[1993). However, jet X -ray emission may also originate 
from ext ernal Comptonization (EC) of disk b l ackbo dy ra- 
diation (jPermer fc Schlickeiserl il993l : IWagnej Il995l) or of 
the cosmic microwave background (CMB) I Tavecchio et al.l 
l2000l : ICelotti. Ghisellini fc Chiabergell200ll '). X-ray polariza- 
tion measurements may be able to provide an independent 
diagnostic for discriminating between these competing emis- 
sion mechanisms. 



While the polarization properties of synchrotron emis- 
sion are well known, only a few approximate analyt- 
ical predictions have be en made for SSC polarization 
dsiorns son & Blumonthal Il982l : iBegelman fc^ ikora 1987!; 
ICelotti fc Matt 1994) or for external Comptonized emission 



( Poutaneru 1994 ) . In this paper, we calculate the X-ray polar- 
ization arising from photons scattered by energetic electrons 
in jets at relativistic bulk speeds. We consider Compton 
scattering of thermal photons emitted from an underlying 
accretion disk as well as scattering of the intrinsically po- 
larized synchrotron photons emitted within the jet. We also 
examine the effects of Compton scattering of CMB photons 
within the jet. The paper is outlined as follows: in Section[2] 
we describe the jet model, outline the theory of polarization 
due to Compton scattering and describe our computational 
algorithm. In Section [3] we present our Monte Carlo mod- 
elling results for EC polarization and SSC polarization. We 
summarise our results in Section [4] 



Figure 1. Schematic geometry of a relativistic jet and black hole 
accretion disk model: M is the black hole mass, zo is the height 
above the disk midplanc (z = 0) where the jot is launched and rb 
is the radius at the base of the jet. 



2 THEORY 

2.1 The Jet Model 

We consider a relativistic jet with Lorentz factor 1 < Fj < 10 
for central object masses M — l(f — IO^Mq with a mass ac- 
cretion rate Ma. The jet is modelled with a conical shape 
as shown in Fig. [1] and is launched at a height zo above the 
disk midplane. The jet electrons have a non-thermal power- 
law energy distribution. 



Afe(7) = K-y-" 



(1) 



where TVo is the electron number density, 7 is the electron 
Lorentz factor, p is the particle spectral index and K \s & 
normalization factor obtained from A^'c — J^""^^ Ndj) dj. 
The electron number density at zo can be calculated from 
energy conserv ation assuming that the bulk kinetic ene rgy 
dominates (e.g. ICelotti et al.lll99i : iFreeland et al.ll200d ). 



(2) 



rjAc(rj - I)mpc27rr2 

Here, Pj is the jet power and rb is the radius of the base of 
the jet. We let the electron number density in the jet fall off 
according to mass continuity. 



(3) 



2.2 Accretion Disk and CMB Model 



We co nsider the accretion disk model of lShakura fc SunvaevI 
(jl973h . A blackbody temperature is determined for each disk 
annulus R+SR, from aT^{R) — F{R) where a is the Stefan- 
Boltzmann constant and 

-1/21 



FiR) = 
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Here -Ri is the innermost stable orbit of the disk. Photons 
emitted by the disk may enter the jet and scatter with the 
jet electrons (see Fig. [2]). 
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We also investigate the scattering of CMB blackbody 
photons in the jet. The seed CMB photons are selected from 
a single-temperature blackbody. In this work we consider 
jets at redshift of z — 2. We note that the results can be 
generalized to higher or lower red-shifts simply by adjusting 
the temperatures of the injected blackbody photons. 



2.3 Polarized Compton Scattering 

The differential Klein-Nishina cross-section for scattering of 
polarized electromagnetic waves, with polarization vector e, 
off electrons in the elec tron rest frame is fsee iffeitleriilQSQ : 
iJauch fc Rohrlich|[l980l . for example), 



f da \ 1 2 2 f , -1 r, ■ 2 a 2, 
Here, vq is the classical electron radius and 



Vc=\- = 



1 + ' 



(1 — cos 9c) 



(5) 



(6) 



The subscript 'e' denotes quantities calculated in the elec- 
tron rest frame and primed quantities denote values after 
scattering. Here, f is the frequency of the incident photon, 
me is the mass of an electron, 6 is the scattering angle (angle 
between the incident and scattered photon wavevector) and 
(j) is the azimuthal angle. 

The polarization vector e' for the polarized fraction P 
of scattered photo ns is perpend icular to the scattering plane 
and is defined by ()Angellll969l l. 



— (e X S7') X S7' 



(7) 



where fJ' is the propagation directional unit vector of the 
scattered photon. For the remaining 1—P fraction of photons 
e' is randomly distributed in the plane perpendicular to fJ'. 
In the case where the radiation is intially unpolarized, the 
degree of linear pol arization induced by Compton scattering 
is given by (see e.g. lDolan|[l96'ii : iMatt et aLlliggei ). 



P = sin^ 6*0 (t^c + ??c ^ — 1 + cos^ 



(8) 



For polarized incident emission, the degree of linear polar- 
ization induced is given by. 



P = 2- 



; COS^ 4>C 



(9) 



+ Ve — 2 sin 6e cos^ (pg 
Further details can be found in iMcNamara et al.l l|2008ah . 

2.4 Computational Algorithm 

Three different reference frames are used in the computa- 
tion: the plasma rest frame (PF) which is the frame co- 
moving with the emitting jet plasma; the electron rest frame 
(EF) and the observer rest frame (OF). In the EF the z-axis 
is defined by the direction of the electron propagation /3o, 
while in the PF the z-axis is along the magnetic field of 
the jet. In the case where the PF and the EF are not in a 
standard configuration (i.e. the EF does not move along the 
z-direction of the PF and the corresponding axes of the two 
frames are not parallel) a new rotated frame in standard 
configuration is first defined in the PF and then transforma- 
tions between frames are performed. 



We model the scattering of three different types of pho- 
tons in our analysis: unpolarized blackbody disk photons, 
unpolarized blackbody CMB photons and intrinsically po- 
larized synchrotron photons. 



2.4.1 Blackbody Disk and CMB Photons 

The disk photons are emitted in the OF from a multicolour 
disk model. We assume that the photons are intially unpo- 
larized. The probability density of a disk seed photon can 
be written as, 



p{R) = A-jvRdR 



F{R) 



(10) 



where F{R) is the flux density at disk radius R (see equation 
m and L is the total luminosity of the disk. We sample p{R) 
by tabulation and determine the blackbody temperature at 
R. The photon energy is the n sampled from the Plank func- 
tion B„ (R) as described in iPozdnvakov. Sobol fc SunvaevI 
(1983). Some of the disk photons may impact the jet and 
undergo scattering, these photons are transported through 
the jet until they escape. 

CMB photons may also undergo scattering within the 
jet (see Fig. [2] (a)). We sample the CMB photons from a 
blackbody distribution with a temperature Tbb = 2.8 (1 -I- 
z) K in the OF at a redshift z. The initially unpolarized 
photons are emitted isotropically around the jet. If a pho- 
ton enters the jet it may scatter with the jet electrons and 
become polarized. 



2.4.2 Synchrotron photons 

Synchrotron radiation is emitted by the jet electrons with 
electron Lorentz factors 7mm ^ 7 ^ 7max. We emit the pho- 
tons isotropically in the EF with an initial energy chosen 
from a powerlaw distribution. Synchrotron radiation is po- 
larized and depends on the magnetic field B of the jet, thus 
the initial polarization vector e is chosen in the PF so that 
it is perpendicular to both B and f2. We Lorentz transform 
the synchrotron photons from the EF to the PF using. 



flpi ■ 
and 



: 4[nof - 7o/3e - (7c - l)(ficf ■ /3J/3J 



(11) 



(12) 



where the Doppler factor Sc — {7c[l — /3o(f2 ■ ^e)]}~^ and 
'pf and 'ef denote quantities in the plasma and electron 
rest frame, respectively. 



2.4.3 Transport and scattering of photons 

Once the incident photon energy, direction and polarization 
have been selected, the photon is transported through the 
jet and the distance the photon has travelled is determined. 
If the photon encounters an electron before leaving the jet, 
we deter mine whether scattering occurs using a rejection al- 
gorithm (|Cullenll200l3 lbh. If the scattering event is rejected, 
the photon continues in the same direction without scatter- 
ing. If the scattering event is accepted, the photon energy 
and n is Lorentz transformed into the electron rest frame. 
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Figure 2. An illustration of the possible different types of X-ray emission mechanisms in a jet. (a) External Comptonization (EC) of 
seed photons from an accretion disk and/or from the CMB; (b) Synchrotron Self-Comptonization (SSC) photons emitted by the jet 
plasma. 



The scattered photon quantities are selected by deter- 
mining the scattered azimuthal angle 0^, and the cosine of 
the angle between the scattered photon and electron //o 
(for a det ailed description of the C o mpton scattering algo- 
rithm see, iMcNamara et al.ll2008al lbl: iKuncic. Wu fc CullenI 
I2OO5I ). Next the scattered photon direction, scattering angle 
9c and photon energy are selected. Another rejection algo- 
rithm determines whether the scattered quantities should be 
accepted or chosen again. If the scattered quantities satisfy 
the selection criteria, we determine whether the scattered 
photon has been polarized and calculate the scattered po- 
larization vector e' using ((T)). If the photon is unpolarized 
after scattering, e' is chosen randomly with the condition 
e' ■ n' = 0. 

Finally, the photon properties are transformed into the 
observer's frame using, 

fiof = 5j[npf + rj/3j + (Fj - l)(npf ■ (13) 
and 



where 5j = {Fj [1 - /3j (O • is a Doppler factor and 'of 

denotes quantities in the observer frame. /3j is the relative 
velocity of the jet w.r.t. the observer. 

When Lorentz transforming the polarization vectors we 
work with the 4- vector e in the temporal gauge where e'' = 0. 
While transforming the polarization 4-vector to a different 
frame, we use the following prescription; make a Lorentz 
transformation to find e in the new frame and then make 
a gauge transformation to satisfy the gauge conditions e = 
[0, e] and e ■ n = 0. 



3 RESULTS AND DISCUSSION 

We model a relativistic jet as described in Section [2] We 
consider a system with central object mass M = 10* Mq, 
jet Lorentz factor Fj = 5, jet opening angle ui ~ l/Fj ~ 
11° and a mass accretion rate M = 0.1 Mq yr~^. For these 
quantities, the optical depth across the base of the jet is 
To « 4 X 10~*. We assume that 50% of the accretion power 
is chanelled to the jet. The jet is observed from an inclination 
angle i measured with respect to its axis and photons are 
binned for a small range of inclination angles Si ~ 5°. We 
consider jet electron Lorentz factors 7min ^ 7 ^ 7max, with 



7min = 1 and 7max = 10'' and a particle spectral index p = 3. 
The jet geometry is conical with a base radius rb = 10 rg 
and total jet length z ^ 500 rg, where rg — GM/(? . The jet 
is launched at a height «o = 0.5 rg (see Fig. [l}. 

We investigate the X-ray polarization and spectra of 
three different emission models: EC of disk and CMB 
photons as well as SSC photons. For the disk Comp- 
tonization model, we use a multi-colour disk spectrum 
(|Shakura fc Sunvaevlll973l ). For the CMB Comptonization 
model, we assume the jet is at a redshift of 2: = 2. 

An alternative EC model which may produce X-rays 
through inverse Compton emission in a jet, is Comptoniza- 
tion of seed photons fr om the broad-line region ( "BLR ) or 
from a dusty torus (see lSikora. Begelman fc Rees|[l994l ). It 
is likely that the X-ray emission in low-luminosity sources 
is dominated by SSC, while emission from high-luminosity 
sources is largely due to a combination of synchrotron 
and EC, including EC of BLR and torus photons (e.g. 
[Harris fc Krawczvnskil I2OO6I ') . The X-ray polarization of jet 
Comptonized BLR or torus photons is likely to be simi- 
lar to that of scattered CMB photons since they have a 
similar isotropic distribution. However, as these regions are 
much further away from the primary X-ray source region, 
their contribution to the overall X-ray polarization may be 
less important than that of SSC or other EC mechanisms 
(disk, CMB). Futhermore, additional scattering and source 
regions, such as the BLR and torus, are expected to pro- 
duce more complicated polarization signatures across several 
wavebands. While this could be important for constraining 
the size and geometry of these regions in some sources, such 
a study is beyond the scope of this paper. 

We adopt the general convention used for the polariza- 
tion degree P, assuming it is positive when the polarization 
is perpendicular to the projection of the jet axis onto the 
plane of the sky and negative when it is parallel. We use 10^ 
photons in each simulation to determine P. 

3.1 Disk Comptonization 

Blackbody photons emitted from the accretion disk may en- 
ter the jet and scatter. A combination of factors determines 
the overall polarization of the resulting X-ray photons. In 
particular, since the disk photons are initially unpolarized, 
the number of scatterings and the angle a photon scatters 
into will be important in contributing to the net X-ray po- 
larization. Fig.|3]shows the scattered spectrum for three dif- 
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Figure 3. Simulated spectra of disk blaclcbody photons scattered 
in a relativistic jet for three different inclination angles i. The 
dotted line shows the input seed spectrum from a multi-colour 
disk model. 



Table 1. The polarization degree P for disk photons scattered 
to X-ray energies in a relativistic jet seen at an inclination angle 
i and the average number of scatterings each photon undergoes 
before escaping the jet. 



i 


P(%) 


Average number of 




(E = 1 - 10 keV ) 


scatterings per photon 


10° 


3.2 


3.0 


45° 


14.0 


2.8 


80° 


20.6 


2.8 



ferent inclination angles: i = 10° , i = 45° and i = 80° (solid 
curves) and the input seed spectrum (dotted curve). Table [1] 
tabulates the polarization degree of disk photons with ener- 
gies between 1 — 10 keV seen at a particular i. Also tabulated 
are the average number of scatterings each photon undergoes 
before escaping the jet. 

Since the seed photons have small energies 0.1 keV, 
all photons observed with energies 1 — 10 keV must have un- 
dergone at least one scattering. The optical depth across the 
jet is relatively small, ro ~ 4 x 10"* at the jet base, so pho- 
tons traversing across the base are practically unscattered. 
However, the majority of the disk seed photons enter the jet 
from directions approximately parallel to the jet axis. The 
effective scattering probability is substantially higher than 
that indicated by the scattering optical depths across the jet 
base. Photons propagating along the jet axis is more likely to 
be scattered and become polarized. Moreover, the photons 
escaping at locations high above the jet base should experi- 
enced more scatterings. Photons emerging at large i tend to 
have large deflection angles in their very last scatterings due 
to the large aspect ratio of the jet and low scattering optical 
depth across the jet. This together with the fact that the 
injected photons are unpolarized leads to an increase in the 
fractional polarization with the viewing inclination angles i. 
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Figure 4. Simulated spectra of CMB photons scattered within a 
relativistic jet for three different inclination angles i for a source 
at z = 2. The seed photons are selected from a single temperature 
blackbody distribution. 



Table 2. The polarization degree P for CMB photons scattered 
to X-ray energies in a relativistic jet seen at an inclination angle 
i and the average number of scattering each photon undergoes 
before escaping the jet. 



i 


P(%) 


Average number of 




(E = 1 - 10 keV ) 


scatterings per photon 


10° 


4.2 


3.2 


45° 


16.5 


2.6 


80° 


23.9 


3.2 



Another important effect evident in Fig. |3] is bulk 
Doppler boosting. The disk photons entering the jet are pref- 
erentially scattered in the forward direction of the bulk jet 
plasma, as viewed in the observer's rest frame. The observer 
sees more energetic photons at small inclinations (see the 
i — 10° curve in Fig|3}. The observed spectrum also con- 
tains the disk photons that leave the disk at an inclination 
i but do not enter and scatter within the jet. For i = 10° a 
larger fraction of seed photons are upscattered because they 
are more likely to enter the jet than disk photons emitted 
at larger angles. 

3.2 CMB Comptonization 

The CMB photons are selected from a single-temperature 
blackbody distribution and emitted isotropically in the area 
surrounding the jet. Since external Comptonization of CMB 
photons may only contribute to the observed X-ray spec- 
trum for high redshift sources (because of the (l + z)* depen- 
dence of the ene rgy density), we consider a source at 2 = 2 
(|Schwartzll200^ ). The jet then sees a CMB temperature of 
8.346 K (7.2 x lO""* eV). Fig.|4]shows the simulated X-ray 
spectra for the upscattered CMB photons for three different 
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jet inclination angles: i = 10°, 45° and 80°. Table [2] shows 
the polarization degree P for the CMB photons scattered to 
energies 1 — 10 keV, for each i. Also tabulated is the average 
number of scatterings each photon undergoes. As the CMB 
seed photons have average energies lower than the disk seed 
photons, the average number of scatterings needed to reach 
X-ray energies is expected to be higher. 

As is evident in Table (2] the X-ray polarization of the 
scattered CMB photons follows the same trend with view- 
ing inclination angle as for the case of disk Comptonization. 
However, the predicted P at each i are slightly different. 
We attribute this to the difference in the angular distribu- 
tion of photon injection and the polarization condition in 
the last scattering event. The disk photons are unpolarized 
and emitted near the base of the jet and hence the disk seed 
photons participate in the scattering process have a narrow 
range of initial pitch angles. Given the relatively low scat- 
tering optical depth in the jet, photons that have a single 
scattering dominate and hence photons emerging at small i 
are mostly restricted to small-angle scatterings (analogous 
to total internal reflection). The CMB photons are unpolar- 
ized, similar to the disk photons. However, the angular dis- 
tribution of the CMB seed photons involved in the scattering 
is isotropically around the whole length of the jet, which is 
contrary to the more restrictive angular distribution of the 
disk seed photons. For CMB scattering, photons emerging 
at low i consist of two main types: single scattered photons 
with large deflection angles, and multiple scattered photons 
with small deflection angles in the last scattering. For the 
case of the single scattered photons, the injected photons 
are unpolarized, and the polarization is caused by large- 
angle scatterings. In the case of multiple scattered photons, 
the pre-scattered photons, which propagate approximately 
along the jet, are already polarized because of previous scat- 
terings. Thus, the polarization is slightly higher for scat- 
tering of CMB photons than disk photons. Scattered CMB 
photons emerging at large i mostly undergo many scatter- 
ing with a large deflection angle in the last scattering. As 
the pre-scattered photons in the last scattering are polar- 
ized, it is not surprising that the resulting polarization is 
higher than those of the disk photon scattering, whereas the 
pre-scattered photons in the last scattering is less polarized. 

The differences in the X-ray polarizations for the EC 
disk and CMB models are only 1% at i = 10° and < 3.5% 
at i = 80°. Such a small difference makes it difficult to dis- 
criminate between these two models from X-ray polarization 
observations alone. 

3.3 Synchrotron-Self Comptonization 

We expect the SSC polarization signature to differ signifi- 
cantly from the EC case, since synchrotron photons emitted 
by jet electrons are intrinsically polarized. In the EC case, 
Compton scattering polarizes the seed photons, whereas in 
the case of SSC, scattering may depolarize the photons. 

The polarization vector e of the incident synchrotron 
photons is chosen so that it is perpendicular to both the 
magnetic field of the jet and the photon propagation vec- 
tor f2 in the PF. We consider a simple model, where the 
magnetic field is directed along the jet axis and we assume 
that the jet electrons spiral around the 2-axis in the PF. 
The intrinsic polarization in this case will be perpendicu- 



lar to the projection of the jet axis in the sky. Realistically, 
the magnetic field may have a more complicated configura- 
tion which could produce different polarization signatures. 
Here we demonstrate that the polarization of the SSC pho- 
tons may be distinguishable from that of the EC emission 
even though the actual polarization signatures may differ for 
more complicated geometries and magnetic fields. 

We investigate the effect of different emission sites for 
the primary synchrotron photons. We first inject the seed 
photons uniformly throughout the jet and then from a par- 
ticular dimensionless height C,, where C = 1 ^'Hd C — corre- 
sponds to the top and base of the jet, respectively. Uniform 
emission of synchrotron seed photons in the j et is consistent 
with some observations of radio jets (e.g. M87. lKovalev et al.l 
l2007h . It may be attributed to continuous acceleration of 
electrons throughout the jet as a result of stochastic recon- 
nection events in a random magnetic field component (e.g. 
iBlandford fc Eichled[l987l ). On the other hand, emission of 
synchrotron photons at localized sites within the jet could 
occur as a result of discrete shock events. There is some evi- 
denc e for this from o bservations of bright spots in radio jets 
(e.g. iKataoka fc Stawarz.2005, V 

Fig. [5] shows the simulated spectra of the total (seed 
synchrotron plus SSC) photons emerging at three different 
observer viewing angles i. The seed synchrotron photons are 
emitted uniformly throughout the jet in this case. Boosting 
occurs along the jet axis, hence most photons are observed 
at small inclinations [i — 10° case in Fig. [5}. 

Fig. |6] shows the polarization degree P of photons with 
energies between 1 — 10 keV emerging from a jet at different 
inclination angles i and for different synchrotron injection 
sites Fig. [7] shows the corresponding average number of 
scatterings each photon undergoes before escaping the jet at 
i. There is a clear correlation between number of scatterings 
and depolarization of the seed photons. As the seed syn- 
chrotron photons are emitted into a narrow emission cone 
about each electron's instantaneous propagation direction 
along the z-axis (in the PF) , photons which are observed to 
emerge from the jet at large i must undergo a larger num- 
ber of scatterings (see FigO. Photons emerging from small 
i may also experience a large number of scatterings when 
emitted from close to the jet base because these photons 
propagate along the entire jet axis and thus see a large op- 
tical depth. 

Figs. [S] and [7] show that the polarization of SSC jet pho- 
tons is sensitive to the emission site of the seed photons. We 
investigate three different cases: photons emitted from local- 
ized regions at the jet base ((" = 0) and at the middle of the 
jet ((" = 0.5) and photons emitted uniformly throughout the 
jet. The overall polarization of photons emitted at the jet 
base is significantly lower than in the other two cases, be- 
cause the optical depth is largest at the jet base, where A^c 
is highest, and thus seed photons emitted from C = have 
a higher probability of scattering and depolarizing. Photons 
emerging from the jet at i = 10° have the lowest polarization 
since they travel across the longest geometric path, along the 
entire jet length. Photons emitted from source sites higher 
up in the jet experience fewer scatterings on average and 
consequently, the X-ray polarization is higher than that for 
synchrotron source sites closer to the jet base which suffer 
stronger SSC depolarization (compare the ^ = 0.5 and C = 
curves in Figs. [6] and [7]). This suggests that X-ray polariza- 
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Figure 5. Simulated spectra of SSC photons for three different 
observer viewing angles i = 10° , 45° and 80° . 
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Figure 6. Polarization degree P of SSC photons with energies 
between 1 — 10 keV plotted as a function of the inclination angle 
i. The solid line is for the case where the seed photons are emitted 
uniformly throughout the jet (uniform C). The dashed and dotted 
lines are for the cases where the seed photons are emitted at the 
jet base (C, = 0) and in the middle of the jet = 0.5). 



tion ofTer clues to locating particle acceleration sites in jets. 
In the — 0.5 case, the sharp decrease in P for i « 20° 
arises from the conical jet geometry we have considered. For 
a given seed photon localized injection site and for es- 
caping angles larger than the jet opening angle, there is a 
propagation direction for which a photon sees a maximum 
optical depth (optimized by the combination of A'c and the 
geometric path length). Thus, there is a higher probability 
of scattering along this path compared to the other paths of 
photons injected from the same site. For = 0.5, the maxi- 
mum optical depth occurs for photons emerging at i ~ 10°. 
For injection sites higher up in the jet, where A'c is lower, 
the maximum optical depth will occur on a longer geometric 
path and will thus correspond to a different photon escape 
angle i. 

For the case where photons are emitted uniformly 
throughout the jet length (solid curves in Fig. |S]and[7|, the 
X-ray polarization is approximately a combination of that 
for different localized injection sites. 
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Figure 7. The average number of scatterings each SSC X-ray 
photon undergoes before escaping the jet as a function of incli- 
nation angle i. The SSC photons (see Fig. [5]l are emitted either 
uniformly throughout the jet (uniform Q, at the base of the jet 
(C = 0) or in the middle of the jet {( = 0.5). 



4 CONCLUSION 

We have investigated the properties of Compton polarized 
X-rays from a relativistic jet using Monte Carlo simulations. 
We consider three different emission mechanisms proposed 
for the observed X-ray emission in AGN: external Comp- 
tonization of blackbody accretion disk radiation and CMB 
emission as well as SSC emission. 

In the case of the initially unpolarized EC emission we 
find that the deflection angle in the last scattering is the 
most important factor in determining the X-ray polariza- 
tion for a particular viewing angle i. Photons that undergo 
larger angle scatterings result in a higher polarization than 
those undergoing smaller angle scatterings. In the case of 
disk photons, the photons enter the jet with initial prop- 
agation directions mostly along the jet axis and thus, we 
find that photons scattering into large viewing angles have 



higher polarization, P ~ 20%. CMB photons enter the jet 
quasi-isotropically and uniformly along its length. In this 
case, because of the larger distribution of injection angles, 
some photons seen at small i will have undergone large angle 
scatterings and as a result P is slightly higher than in the 
disk EC case for small i. Both EC models show increasing 
P with i. The polarization degrees have similar magnitudes 
and our results suggest that it would be difficult to discrimi- 
nate between the the two EC models with X-ray polarization 
studies alone. 

In the case of SSC, we find that depolarization of syn- 
chrotron photons is sensitive to the location of the seed pho- 
ton emission site. Synchrotron photons emitted near the jet 
base generally suffer stronger SSC depolarization than those 
emitted higher up or uniformly throughout the jet. This is 
because photons emitted near the jet base generally see a 
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larger optical depth and hence, undergo more scatterings. 
This is especially the case for photons escaping at small i; in 
this case, the X-ray polarization is expected to be P ^ 20% 
if the seed synchrotron photons orginate near the jet base, or 
P ^ 50% if they are emitted uniformly throughout the jet. 
This implies that X-ray polarimetry can discern the scatter- 
ing site and hence constrain models for particle accleration 
in relativistic jets. 

In summary, polarimetric observations would be able to 
discrimate between synchrotron/SSC and EC X-ray emis- 
sion (and also between synchrotron and SSC X-ray emis- 
sion). However, it would be difficult to identify the type of 
EC emission (disk or CMB) , from X-ray polarimetric obser- 
vations alone. 
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